Osteoarthritis (OA) is the most predominant disease of the musculoskeletal system and has a substantial impact on individuals and society (Reginster & Khaltaev, 2002) . The higher incidence of osteoarthritis in older people and the ongoing aging of the population in developed countries will increase this burden progressively (Hamerman, 1995) . The development and quantification of effective therapeutic interventions for the treatment of osteoarthritis are challenging tasks for health care providers of different disciplines (Engelhardt, 2003) . Various methods are used to quantify effects of a therapeutic intervention, such as the WOMAC score and SF36. However, deficiencies attributed to OA with regard to strength, stability and bodily pain have an impact on gait stability which cannot be sufficiently quantified with the mentioned questionnaires (Lindemann et al., 2006) . For this purpose, instrumented gait analysis is a standard procedure to describe gait characteristics in knee or hip OA. Besides spatio-temporal characteristics of the gait cycle, maximum and minimum values and joint excursions are frequently used to describe movements in the sagittal and transversal planes (Mundermann et al., 2005; Bejek et al., 2006; McKean et al., 2007; Weidow et al., 2006; Al-Zahrani & Bakheit, 2002; Astephen et al., 2008) .
To allow a meaningful interpretation of results derived from instrumented gait analysis, data should be sufficiently reliable (Baker, 2006) . Human movement is variable (James, 2004) , thus results from gait analysis vary between different test situations. Besides natural variation of human gait, different sources of errors are attributed to the total amount of observed variability during movement, such as biological errors, errors induced from sources external to the organism, and measurement errors (James, 2004) . The latter can be induced via the biomechanical approach to quantify kinematics. In this respect, a major source of error is attributed to the determination of anatomical frame orientation within the model, which mainly depends on landmark definition (Della Croce et al., 2005; Besier et al., 2003) . The number of markers for each segment and their geometrical properties also have an influence on the accuracy of the model (Cappozzo et al., 1997; Soderkvist & Wedin, 1993) . A recent work from Besier et al. (2003) compared the reliability of the gait cycle of ten able-bodied subjects derived from two different models: one based on anatomical landmarks, and the other incorporating a functional method to define hip joint centers and a mean helical axis to define knee joint flexion/extension axes. Repeatability of the data were quite similar between models. However, the functional method produced greater repeatability of internal/external rotation of the knee (not statistically significant). The authors concluded that the functional model would be expected to produce more repeatable gait data than the model based on anatomical landmarks in subject populations where palpation of anatomical landmarks becomes difficult due to increased body fat or bony deformities. Patients suffering from knee osteoarthritis frequently show indefinite joint contours caused by swelling and osteophytes. Palpation of anatomical landmarks may be further hindered by increased body mass index. Various studies were conducted to investigate reliability of kinematic data in different population groups (McGinley et al., 2009 ). Most of them were done on healthy subjects, children (with and without cerebral palsy) or subjects who suffered a stroke. No studies were found that compared the reliability of kinematic data in subjects with knee osteoarthritis and healthy controls. In addition, previous investigations mainly focused on reliability of time-histories of the gait cycle instead of using kinematic key points, which are of special interest in investigational studies on knee and hip osteoarthritis (Mundermann et al., 2005; Bejek et al., 2006; McKean et al., 2007; Weidow et al., 2006; Al-Zahrani & Bakheit, 2002; Astephen et al., 2008) .
The purpose of this study was to quantify reliability of gait data in general, and to describe the influence of two major sources of error with respect to reliability: the underlying biomechanical approach, and the investigated population group. We therefore compared reliability of key points of knee joint kinematics derived from two different models in subjects with knee osteoarthritis and healthy controls. Standard error of measurements and absolute differences between test days were used to quantify reliability. These measures are in the unit of interest and allow a meaningful interpretation of results, as already described in previous articles on reliability of gait characteristics (Birmingham et al., 2007; Maiwald et al., 2008; Wolf et al., 2009 ).
For the purpose of this study it was hypothesized that sagittal plane data are more reliable than data of the transversal plane. It was further hypothesized that data derived from a model using functionally determined joint centers and axis yield better results, and data are more reliable in healthy controls compared with subjects with knee osteoarthritis.
Methods
The study was conducted on ten healthy subjects (CO) and twelve subjects suffering from knee osteoarthritis ( Table 1 ). Classification of osteoarthritis was defined according to the clinical definition of the American College of Rheumatology (Altman et al., 1986) . Data from one subject (CO) had to be eliminated from data analysis since measures differed substantially between test days. This may result from the fact that this subject had to perform 22 trials on the first day to get 10 valid trials in comparison with 10 trials on the second day.
The study was approved by the ethics committees of the participating institutions, and subjects gave informed written consent. Patients were recruited from a training group for patients with knee osteoarthritis. Healthy controls were recruited from staff members.
Between-day reliability was evaluated on two consecutive days (M1 and M2) for outcome variables of two different biomechanical models quantifying key points of knee joint kinematics. Markers were attached by the same physiotherapist on both test occasions. A single comprehensive marker set was defined including all anatomical and virtual markers for both approaches: A prediction approach (PA) and a functional approach (FA). The prediction approach used anatomical assumptions to define the locations of joint centers/axes relative to specific anatomical landmarks. The knee joint center (KJC) for this model was defined midway between the medial (ME) and lateral epicondyle (LE) of the knee. The connection of the epicondyles represented the z-axis of the anatomical coordinate system of the thigh. The x-axis was perpendicular to a plane defined by the medial and lateral epicondyle and the trochanter major (TM). The y-axis was perpendicular to z and x. The first axis of the shank segment (y) was defined as a line connecting the ankle joint center (AJC) located midway between the medial (MM) and lateral malleolus (LM) and the tibial tuberosity (TT). The x-axis was perpendicular to a plane defined by medial and lateral malleolus and tibial tuberosity. The z-axis was perpendicular to x and y. Knee joint angles were calculated using Cardan angles with a ZXY order of rotation around the moving axis of the thigh segment. The name of the functional approach refers to the calculation of subject specific joint centers/axes for the knee and hip joint by using specific movement data of adjacent segments derived from basic motion tasks (Bachmann et al., 2008; List, 2009; Wolf et al., 2009) . In the functional model, each segment was defined by a redundant number of markers, aiming at improving orientation accuracy (Challis, 1995) . Marker positions were chosen such that skin movement artifacts were small and a well-distributed marker cloud was formed (Soderkvist & Wedin, 1993) . The position and orientation of each segment was determined relative to the reference segments defined by the standing trial using a least-squares fit of the corresponding marker point clouds (Gander & Hrebicek, 1997 ). Joint rotations were described from the distal relative to the proximal segment using a helical axis approach (Woltring, 1994) . To define clinically interpretable rotational components, the attitude vector was decomposed along the axes of a given joint coordinate system (Woltring, 1994) . The mediolateral axis e 1 of the knee joint coordinate system of the functional approach was defined by the functional estimated knee joint axis u k . The vertical axis e 3 was perpendicular to e 1 and laid in the plane spanned by e 1 and the hip joint center (HJC). The posteroanterior axis e 2 was perpendicular to the latter two (Figure 1) . A more detailed description of the kinematic analysis of this approach is given by Wolf et al. (Wolf et al., 2009) .
Subjects walked at a self-selected speed along an 18 m walkway with five integrated force plates (2000 Hz, Kistler, Winterthur, Switzerland) to detect stance phases. The movement speed for each trial was monitored by averaging the velocity of the sacrum marker along the capture volume. At least 10 trials for each subject were recorded using a 12-camera system (100 Hz, MX40 System, Oxford Metrics, UK). Vicon Workstation/IQ software packages were used to reconstruct, label and crop the data. Further data processing, joint centers and axes definitions and angle calculations for the functional approach were computed using Matlab (Mathworks Inc., Natick, Massachussetts, USA). For the prediction approach, joint angles were calculated using Bodybuilder (Oxford Metrics, UK) and distinctive gait variables were then extracted using Matlab. Joint angles were calculated relative to the standing trial for both approaches.
Some defaults were defined for data analysis: The same gait cycles of each subject had to be used for both models. All subjects had to contribute exactly five trials because the number of trials to be averaged has an influence on reliability (Diss, 2001 ). The analysis was limited to the stance phase of walking, and was only done for one side. Discrete measures of knee joint movements were derived from the motion graphs and averaged across trials (see first column in Table 2 and 3). Frontal plane kinematics were not considered, as ab/adductor motion is limited to approximately 5° due to restrictions imposed by the knee's geometry and the collateral ligaments. This small value is further influenced by cross-talk from knee flexion/extension (Ramsey & Wretenberg, 1999) . Data were evaluated for each biomechanical approach separately. Heteroskedasticity for every variable was monitored by calculating the Pearson product-moment correlation coefficient (Het_R) between intrasubject standard deviation of repeated measures (M1 and M2) and their mean value. Homoskedasticity should be warranted for each variable if results of the current study are generalized independently of the quantity of the given measure. According to Maiwald et al. (2008) Het_R ≥ 0.7 (= Het_R 2 ≥ 0.5) was defined as the threshold for classifying a variable as heteroskedastic.
Reliability between days was quantified using the standard error of measurement (SEM) according to Equation 1. This equation computes an estimate of the true within-subject standard deviation for the special case of only one repetition (two measurements) per subject as described by Bland and Altman (1996) and Perini et al. (2005) . It is a measure in the unit of interest (Bland & Altman, 1996) .
where d i denotes the difference between the two observations of subject i and n the number of subjects. A useful way of presenting measurement error is the repeatability R = 2.77 × SEM (Bland & Altman, 1996; Atkinson & Nevill, 1998) . The difference between two measurements for the same subject is expected to be less than this value (α = .05). For group comparisons (OA versus CO), absolute differences between test days for all variables were computed for each population group separately (Knapp, 1992 ). An independent Student t test was conducted for inferential statistics to analyze whether these differences were significantly different between groups (α = .05). 95% CI of differences between groups were amended. Body mass index (BMI) may increase the error of the underlying biomechanical model related to soft tissue artifacts and therefore its reliability. We consequently calculated a linear model to express absolute differences for each variable between test days as a function of BMI, and to quantify the impact of the model to partially describe the total variance of absolute differences in each biomechanical model (R 2 , p < .05).
Results
All data derived from both protocols were homoskedastic with Het_R 2 -values smaller than 0.5, according to the predefined values for heteroskedasticity as defined in the methodological section of this paper.
Walking velocity was significantly higher in healthy subjects compared with subjects with osteoarthritis on both test occasions (1.5 m/s versus 1.2-1.3 m/s). Walking velocity did not change significantly between test sessions for either group (mean difference CO: 0.04 m/s, mean difference OA: 0.06 m/s).
Between-day reliability expressed with the SEM is given in Table 3 . In general, absolute values of the SEM were slightly smaller for transversal plane variables and ranges of motion in comparison with distinctive measures for flexion and extension. However, results relative to joint excursion were larger for measures in the transversal plane. SEM was comparable between models for sagittal plane kinematics. The SEM was larger in the prediction approach for maximum internal and external rotation.
Repeated measures for a single subject were expressed with the so-called repeatability which defines the interval boundaries of expected differences. It can vary between 2.5-4.4° for transversal plane variables, and 2.3° to 4.9° for sagittal plane motion (α = .05; Table  3 ). The application of Repeatability is illustrated in the following example: Let us assume that subject A has a range of motion within the transversal plane of the knee joint of 13° during the stance phase of walking. If this subject undergoes another gait analysis within a short period of time with no intervention in between, we can expect to get a value between 10° and 16° when data are analyzed with the functional approach (13 ± 3° for transversal plane motion; probability error of 5%). This range is even larger for the prediction approach with expected values between 9.7° and 16.3° (Bland & Altman, 1996) . Interval boundaries for repeated measures are as large as 55% -71% of the transversal plane motion for the prediction and functional approach, respectively. Absolute differences between test days did not differ significantly between OA and CO except maximum external rotation quantified with the prediction approach (OA = 2.2°, KO = 1.1°, p < .01). In this respect, no difference between groups was apparent for the functional approach (OA = 0.8°, KO = 1.2°, p = .35) (Figure 2) .
A linear model was calculated to estimate absolute differences between test days for each variable as a function of BMI. No significant and practically relevant relationship could be explained for any variable and either biomechanical approach, except absolute differences between test days for maximum external rotation (Figure 3 ). For variables calculated with the prediction approach, 30% of the variance of absolute differences in the sample could be explained with the model (R 2 = .30, p < .05). No relation was observed when variables were calculated with the functional approach (R 2 = .01, p = .74).
Discussion
It was hypothesized that data of sagittal plane motion are more reliable than data of transversal plane motion independently of the underlying biomechanical approach and population group. It was further hypothesized that kinematic data derived from a sophisticated biomechanical approach is better in comparison with the reliability of data quantified with a simple model, and that data are more reliable in healthy subjects compared with patients with knee osteoarthritis. The hypotheses were tested using an equivalent data set being analyzed with two different biomechanical approaches in subjects with knee osteoarthritis and healthy controls.
Independently of the underlying model, absolute measurement errors were smaller for variables of the transversal plane and ranges of motion in comparison with discrete gait events of the sagittal plane. Better reliability of joint excursions in contrast to maximum or minimum values has been described previously (Ferber et al., 2002) . However, superior reliability of out of sagittal plane variables seems to disagree with previous findings describing the worst day-to-day consistency for transversal plane kinematics (McGinley et al., 2009 ). This disagreement can be easily explained with relative data of our results: reliability of data was worse for transversal plane kinematics when data were expressed relative to the given joint excursion.
The more important question of this study was to quantify the effect of the biomechanical approach on reliability of calculated joint angles. We did not find any relevant differences for measurement errors in the sagittal plane variables. Even for the repeatability, a multiple of the SEM to express the range in which intraindividual differences of a given variable can be expected from one test day to another, differences were smaller than 0.5°. In contrast, day-to-day consistency for distinctive measures of the transversal plane calculated using the prediction approach was worse in comparison with calculations of the functional approach. These findings are in accordance with previous reports by Besier et al. (2003) . They discuss the major impact of the biomechanical model on data quality and the higher susceptibility of out of sagittal plane motions to sources of error. Within the context of our study, the simple model used in the prediction approach depends on proper landmark definitions. Further, this model does not implement redundant marker information. On the other hand, our functional 
Knee Sagittal Plane
Initial extension 1.7 1.6 ± 4.7 ± 4.5
Initial flexion maximum 1.8 1.7 ± 4.9 ± 4.6
Maximum extension in midstance 1.5 1.5 ± 4.2 ± 4.2
Initial flexion ROM 0.9 (7%) 0.8 (7%) ± 2.4 ± 2.3
Extension ROM in midstance 1.2 (7%) 1.2 (7%) ± 3.3 ± 3.4
Knee Transversal Plane
Maximum internal rotation 1.6 1.1 ± 4.4 ± 3.0
Maximum external rotation 1.3 0.9 ± 3.6 ± 2.5 ROM transversal plane 1.2 (10%) 1.1(13%) ± 3.3 ± 3.0
Note. Repeatability R = 2.77 × SEM. Results are rounded to the 1st position after decimal point.
approach used redundant marker information, functionally determined joint centers and axes and further procedures to reduce sources of error such as optimized marker geometry, which should result in a feasible reliability of the data. Although data derived with this functional approach show better absolute results in comparison with the prediction approach, its day-to-day variability of transversal plane variables is practically relevant, as illustrated in the example given in the results section. This example of poor reliability leads us to question the use of out of sagittal plane data even if an optimized biomechanical approach is used. This is supported by previous Figure 2 -Absolute differences between test days for OA were subtracted from absolute differences between test days for CO. Bars illustrate the 95% confidence intervals of differences between OA and CO. Positive values describe larger absolute differences for CO, negative values larger absolute differences for OA. findings by Benoit et al. (2006) , who already questioned the accuracy of out of sagittal plane data quantified with external skin markers. Reliability of data cannot only be influenced by the biomechanical model being used to quantify joint rotations. Studies investigating reproducibility of gait data are conducted on healthy able-bodied subjects or subjects with neurological impairments (McGinley et al., 2009 ). Scientists ask for reliability studies on specific clinical populations where proper landmark definition is difficult due to bony deformities or increased soft tissue layers (Baker, 2006; Besier et al., 2003) . Decreased ranges of motion may further hinder proper calculations of joint centers in functional approaches (Della Croce et al., 2005; Piazza et al., 2001 Piazza et al., , 2004 . Our study is suitable to answer these questions for older overweight subjects with knee osteoarthritis in comparison with young ablebodied normal weight controls. It remains a drawback of the given study that we cannot differentiate between different stages of OA that may have an influence on repeatability of kinematic data, as gait disturbances increase with disease progression. It is further not possible to determine which factor may influence differences between groups: disease, age, walking speed, or BMI. Despite the mentioned detriments, the following explanations may allow some assumptions. Patients suffering from knee osteoarthritis frequently show indefinite joint contours, and the palpation of anatomical landmarks may be hindered by increased BMI. The latter may further induce increased soft tissue artifacts. To compare reproducibility of data from healthy subjects and subjects with knee osteoarthritis, absolute intraindividual differences between test days for each variable were averaged for OA and CO, respectively. Absolute differences between M1 and M2 differed significantly between groups for maximum external rotation when analyzed with the prediction approach. Thirty percent of the variance of absolute differences between test days for the whole sample could be explained with the BMI of the subjects (p < .05). Maximum external rotation predominantly occurred within the first 50% of stance. We therefore assume that increased BMI is related to increased soft tissue artifacts after the impact of the heel strike. Subjects with knee osteoarthritis often have a higher BMI and therefore errors attributed to soft tissue artifacts may increase in this specific population in transversal plane motion, especially after heel strike. It is important to mention that the functional approach with redundant markers, optimized marker geometry and a functional method to determine joint centers was not influenced by BMI and did not reveal different reliability data for healthy subjects and subjects with knee osteoarthritis.
Although not statistically significant, absolute differences between test sessions for ranges of motion in the sagittal plane were larger in healthy controls. Changes in walking velocity from one day to another can induce "true" changes of outcome variables and therefore influence data reliability (McGinley et al., 2009 ), yet no relevant differences in walking speed between M1 and M2 were observed in the context of the current study.
Healthy subjects had larger joint excursions than subjects with knee osteoarthritis, which can partially be explained by their faster movement velocity. It seems reasonable that larger joint excursions may result in larger absolute differences between test days. However, this explanation can be neglected since homoskedasticity for these variables was verified in the given context. Inspection of data shows that mainly two extreme values of the control group were responsible for the given finding. For all other variables, absolute differences between test days did not vary between OA and CO.
According to our findings we can conclude that day-to-day consistency of clinical gait analysis for flexion and extension movements of the knee is comparable between gait models, and is not affected by gait pathologies of subjects with knee osteoarthritis. Repeatability of our results should be used in clinical every day routine to judge whether changes in gait patterns can be reasonably related to therapeutic interventions or may solely reflect day-to-day inconsistency of clinical gait analysis measures. We suggest refraining from using transversal plane variables when investigating gait patterns of subjects with knee osteoarthritis: Even a more sophisticated biomechanical approach yields practically relevant variation for repeated measures. Furthermore, accuracy and clinical relevance of transversal plane kinematics has to be questioned in the context of knee osteoarthritis. Aside from this conclusion it has to be stated that optimization techniques of biomechanical gait models can reduce sources of error and should further be developed to allow the use of out of sagittal plane motion in daily clinical routines in the near future.
